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The effects of Fano resonance on the optical chirality of planar plasmonic nanodevices in the
visible wavelength range are experimentally observed and theoretically explained. The nanodevice
consists of a nanodisk at the center with six gold nanorods with an orientation angle to exhibit optical
chirality under dark-field illumination. The chiral response induced by the gold nanorods are affected
by the presence of the nanodisk with different diameters which causes Fano resonance. An intriguing
change to the opposite selection preference of different handedness of the circularly polarized light
has been clearly observed experimentally. This change of the preference is understood based on
the extended coupled oscillator model. Moreover, electrostatic analysis and the time-dependent
simulations provide a further understanding of the phenomenon. The observed and understood
effects of Fano resonance on optical chirality enables effective manipulation of chiral characteristics
of planar subwavelength nanodevices.
Optical chirality which exhibits different responses be-
tween right- and left-handed circularly-polarized (RCP
and LCP) light has attracted attention due to its in-
triguing physical characteristics [1] as well as its applica-
tions, for instance, in pharmaceuticals [2] and in molec-
ular chemistry [3]. Recent advances in nanotechnology
have enabled nanostructured systems exceeding the chi-
ral responses of conventional materials [4, 5]. Moreover,
planar chiral nanostructures have been developed to re-
duce the fabrication complexity and increase the capa-
bility to be integrated into optical circuits with other
devices [6–8]. Yet, due to the inherent mirror symmetry
of the 2-dimensional structures, achieving significant chi-
ral signal in planar nanostructure at subwavelength scale
is still challenging despite some successful reports.
One of the promising approaches to the strong optical
chirality of a planar nanodevice is using metallic nanos-
tructures to support localized surface plasmon (LSP) res-
onances [9, 10]. LSP resonances are the oscillations of
collective electrons which can be excited by light on the
surfaces of metallic nanostructures. The optical energy
is confined to nanoscale volumes by the LSP resonances
with potential for high-density integration of optical com-
ponents [11, 12]. Various nanodevices are designed and
experimentally demonstrated based on LSP resonances
exploiting the strong confinement and size reduction [13–
15]. In particular, the LSPs couple evanescently among
one another when the metal nanoparticles are placed
in proximity, which alters the resonance properties en-
abling intriguing optical phenomena such as plasmon in-
duced transparency [16–18], plasmonic edge states [19],
and Fano resonances [20, 21].
Fano resonances which occur by an interaction of two
resonances with a narrow and a broad bandwidth [20],
where destructive and constructive interferences are ob-
served depending on the wavelength [21]. The character-
istic asymmetric line shape of Fano resonances has also
been found in the plasmonic particle systems support-
ing LSP resonances [22, 23]. For instance, plasmonic
Fano resonances appear in structures such as particle
oligomers [24], disk/ring assemblies [25], and nanoan-
tenna assemblies [26]. Since their narrow spectral width
and large field enhancement, plasmonic systems support-
ing Fano resonances have various applications includ-
ing plasmonic rulers [27], color routing [28], and biosen-
sors [29].
Here, we present rigorous study on the effects of
Fano resonance on the optical chirality in 2-dimensional
plasmonic nanostructures both in experiment and the-
ory. There have been a theoretical study on circular
dichroism induced by Fano resonances in planar chi-
ral oligomers [30] and experimental demonstration on
metallic arrays in the reflection optics configuration [9].
Systematic analysis of Fano resonance of a single plas-
monic chiral device, however, has not performed yet in
the transmission optics configuration. In our previous
work [10], we showed that the hexamers composed of gold
nanorods placed on a glass substrate exhibit strong chiral
response under dark-field illumination. In this Letter, we
systematically demonstrate the effects of Fano resonance
on the optical chirality of subwavelength plasmonic nan-
odevices by introducing a nanodisk at the center of the
hexamers. Theoretical analysis using a coupled oscillator
model and the numerical simulations are presented.
A combined structure of two plasmonic nanodevices
with different resonance characteristics, one with and the
other without optical chirality, is required to investigate
the effects of Fano resonance on chiral signals so that the
interference between the two resonance spectra can be
controlled by varying the geometry of the achiral nanode-
vice. Therefore, a plasmonic nanostructure consisting of
six gold nanorods and one nanodisk is designed in order
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FIG. 1. (a) A schematic of the dark-field illumination with two different spins onto the planar plasmonic nanostructure. (b)
The scattering spectra of the hexamer of nanorods and the nanodisk from the dark-field illumination of differently rotating
circularly polarized waves. The SEM images are displayed along with the spectra. (c) The scattering spectra of the combined
nanodevice of the hexamer and the nanodisk along with the SEM image. The scale bar is 100 nm.
to investigate the effects of Fano resonance on chirality as
shown in Fig. 1(a). As the hexamer shows strong chiral
signal under dark-field illumination whereas the nanodisk
shows the almost identical response for the spin states of
the incident waves, the significance of Fano resonance can
be engineered by changing the diameter of the nanodisk.
The schematic shown in Fig. 1(a) artistically describes
how the positive and negative spins of the incident light
induce the LSP modes in the nanostructure. The scatter-
ing spectra of the nanorods and the disk are separately
measured under dark-field illumination and depicted in
Fig. 1(b). The gold nanorod in the hexamer is 90 nm
long, 34 nm wide, and 30 nm thick. The diameter of
the hexamer ring, the center-to-center distance between
the two opposite nanorods, is 340 nm. Each nanorod is
rotated for 60◦ to counter-clockwise from its radial axis.
The gold nanodisk has a diameter of 170 nm and a thick-
ness of 30 nm. The gold nanostructure adheres to a glass
substrate by 2 nm germanium adhesion layer. The hex-
amer of gold nanorods shows a peak at 680 nm in the
scattering spectra for both RCP and LCP incident light
due to the induced surface plasmons. As a result of the
existence of the glass substrate and the dark-field illumi-
nation, the plasmonic nanorods show the obvious differ-
ence between RCP and LCP in their scattering intensity
as we reported in our previous research [10]. On the other
hand, the nanodisk presents a peak at 700 nm without
chiral response as expected from its geometric symmetry.
The scattering spectra of the combined nanostructure of
the rods and the disk are shown in Fig 1(c). A dip be-
tween the two peaks is clearly observed as a result of
the coupling which is a characteristic of Fano resonance.
Remarkably, the change of the preference for the circu-
lar polarization is observed in the wavelength range of
the disk resonance; scattering for RCP is greater than
LCP in the range of 720− 830 nm while LCP scattering
was stronger than RCP overall wavelength in the rods
hexamer.
The plasmonic nanostructures were fabricated by
means of electron-beam lithography (Vistec EBPG
5000 Plus ES) on glass substrates, using poly(methyl
methacrylate) (Micro-Chem, 950k A2) and Copolymer
(Micro-Chem, EL6) as a bilayer resist stack for a stan-
dard lift-off process and a sacrificial chromium layer
(30 nm) that provides for charge dissipation during the
exposure. The structures were developed with a 1:3 (by
volume) mixture of methyl isobutyl ketone/2-propanol
for 90 s, rinsed with 2-propanol, and dried with a nitro-
gen gun. A 30 nm layer of Au was deposited by electron-
beam evaporation, using 2 nm of germanium as the ad-
hesion layer. A subsequent lift-off step with acetone pro-
duced the nanostructures. Normal incidence images of
the resulting structures were obtained by scanning elec-
tron microscopy (FEI, NovaNanoSEM 430).
The scattering spectra were acquired with a Nikon Ti-
U microscope coupled to a cooled CCD camera (Prince-
ton Instrument PIXIS). The light source was a halogen
lamp. A linear polarizer and a quarter-wave plate and
were placed before the dark-field condenser with the NA
range of 0.80-0.95 in order to generate the circularly po-
larized dark-field incident wave. The forward scattered
light was collected using a 40x objective with NA of 0.60.
We examined the mode characteristics of the nan-
odevice for a better understanding of the notable sign
change of the chiral response. Electrostatic eigenmode
analysis is used to understand the characteristics of the
modes supported by the combined nanostructure with
the same physical dimensions of the experiment shown
in Fig. 1. The dielectric function reported by Johnson
and Christy [31] is taken for gold. First, the surface
charge density profiles are obtained using the bound-
ary element method [32, 33] for the nanorod hexamer
3rods mode disk mode
coupled modes
+
FIG. 2. Surface charge distributions of the LSP modes sup-
ported by the rods, the disk, and the combined nanodevice
obtained by the boundary element method.
and the nanodisk separately (see Fig. 2). Apparently,
the LSP dipole mode of the individual nanorod is ex-
cited on each nanorod and their serial arrangement is
the strongly supported mode which can be excited by
a circularly polarized beam. A dipole mode of LSP is
also induced at the disk. Next, the surface charge dis-
tributions of the combined structure are obtained. Two
representative coupled modes are generated by combin-
ing two structures which are rods dominant mode and a
disk dominant mode shown on top and bottom, respec-
tively. Interestingly, the rods dominant coupled mode is
not substantially affected by the nanodisk whereas the
disk dominant coupled mode is affected by the presence
of the nanorods. It is expected that one of the two cou-
pled modes will be more strongly excited depending on
the spin of the incident light.
We now demonstrate the effect of Fano resonance ex-
perimentally. We introduced different size of nanodisks
into the nanorod hexamer to examine the effect of Fano
resonance by shifting the resonance wavelength of the
disk as increasing the diameter. The scattering spectra
of the disk without the nanorods is shown in Supplemen-
tary Material. The dimensions of the fabricated nanorods
were measured to be 34 × 90 nm2 while gold nanodisks
were fabricated varying the diameter in the increment of
30 nm, as shown in Figure 3b. The orientation angle
of the nanorods is fixed to be −60◦. The corresponding
scattering and chirality spectra are provided in Figure 3a
and b, respectively. It is observed that the valley between
two scattering peaks which is a characteristic feature of
Fano resonance becomes more significant as the disk di-
ameter increases. When there is no disk at the center,
the scattered intensity of RCP is greater than LCP over
the measured wavelength range. As Fano resonance be-
comes more significant by the increase of the disk size,
however, the scattered intensity of LCP becomes greater
than RCP in the longer wavelength. To quantitatively
analyze the chiral response, we define a chiral signal [10]
∆ =
SRCP − SLCP
SRCP + SLCP
, (1)
where S is the scattered intensity under dark-field illumi-
nation. The experimentally obtained chiral signal spec-
tra for different disk diameters are shown in Fig. 3(b).
The change to the opposite selection preference from
RCP to LCP is clearly observed for the structures with
d = 140, 170, and 200 nm. The observed negative ∆ shifts
to longer wavelength as increasing the disk diameter due
to the red-shift of the disk mode.
We present our theoretical analysis based on the ex-
tended coupled oscillator model in plasmonic systems
studied by Lovera et al. [26]. The schematic of the
model is depicted in Fig. 4(a). The two oscillators
in the schematic represent the rods and the disk with
their resonant frequencies ωr and ωd and their damp-
ing coefficients γr and γd, respectively. The oscillators
are coupled to each other with a coupling constant g.
The total dipole moment of the system is expressed as
Ptot = Pr + Pd = αrxr + αdxd, where Pr,d, xr,d, and
αr,d are the dipole moments, displacements, and the po-
larizabilities of the oscillators of the rods and the disk,
respectively. Consequently, the equations of motion are
writtend as follows:
x¨r + γrx˙r + ω
2
rxr + gxd = 0.5
...
P tot + Fr
x¨d + γdx˙d + ω
2
dxd + gxr = 0.5
...
P tot + Fd,
(2)
where Fr,d = αr,dEext which is the net force applied on
each oscillator.
We assume an incident harmonic field, Eext = E0e
iωt,
which induces consequent displacements of xr,d(ω) =
Cr,d(ω)e
iωt, where Cr,d are the oscillation amplitudes.
Once Cr,d are computed analytically from (2), the
scattered intensity can be obtained by calculating the
squared modulus of the total amplitude, |Cr + Cd|2. In
Figs. 4(c) and (d), the curves fit the experimental spec-
tra using the coupled oscillator model are shown. The
characteristic dips of Fano resonance are clearly shown
in the scattering spectra. The coupling coefficient g ex-
tracted from the model is shown as a function of the disk
diameter d in Fig. 4(b). It is observed that the obtained
g is higher at LCP than at RCP illumination over the
measured disk diameter range, which indicates that the
coupling of the two resonators shows a chiral response to
the dark-field illumination with an apparent preference.
The positive and negative g mean the in-phase and the
out-of-phase oscillations of the two resonators, respec-
tively. It is worth to note that g < 0 obtained when
d = 200 nm for both circular polarizations can be under-
stood as the dipole modes induced at the disk oscillate
out-of-phase to the LSP modes at the rods. The entire
list of the extracted parameters is shown in Table I. The
resonant frequencies of the disk ωd show a red-shift as the
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FIG. 3. The measured (a) scattering and (b) chiral signal spectra for different disk diameters d. The SEM images of the
fabricated gold nanostructures are displayed. The scale bar is 100 nm. Gray dashed lines are shown in (b) to indicate the
baselines of zero chiral signal of the corresponding nanodevices. The change to the opposite selection preference from RCP to
LCP is clearly observed for the structures with d = 140, 170, and 200 nm.
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FIG. 4. (a) Schematic of the extended coupled oscillator model. The top and the bottom oscillators represent the rods and
the disk, respectively. (b) The coupling coefficient g as a function of the disk diameter d which has been obtained by fitting
the model to the experimental results. The fit curves of the (c) scattering and (d) chiral signal spectra.
5disk size increase, while the change of ωr is insignificant.
The selection preference transition from ∆ > 0 to ∆ < 0
can be understood as a combined effect of this red-shift
and the coupling of the two oscillators.
Three-dimensional full-wave simulations using the
finite-difference time-domain (FDTD) method (Lumer-
ical Inc.) have been performed for the further under-
standing of the effects of Fano resonance caused by the
nanodisk at the center of the nanostructure, and the ob-
tained scattering and the chiral signal spectra are shown
in Fig. 5. The complex refractive index reported by John-
son and Christy is used to determine the optical parame-
ters of the plasmonic nanostructures [31]. The dark-field
illumination with circular polarization is created using
four linearly polarized Gaussian sources. The circularly
polarized light is generated by interfering two linearly po-
larized waves with pi/2 phase difference. Afterward, two
beams with different numerical apertures (NA), 0.95 and
0.80, are employed to create a dark-field beam for each
circular polarization. The two beams are in antiphase
(pi phase difference) for the beam of smaller NA to be
subtracted from that of larger NA to form a ring-shaped
incident beam in consequence. The total-field scattered-
field method is applied to obtain the scattered intensity
by the nanodevices. The diameter of the central disk
is varied in the range of d = 100 − 200 nm with the
increment of 10 nm. The resonance wavelength of the
hexamer without the central disk obtained by the sim-
ulation is 725 nm both for RCP and LCP (see Supple-
mentary Material). The scattering cross-section of the
RCP is obtained greater than the LCP in the wavelength
range of 680 − 900 nm which agrees with the experi-
mental results. On the other hand, the calculated res-
onance wavelength of the nanodisk with the nanorods
shifts from 635 − 855 nm as increasing the disk diam-
eter. The two resonances caused by the nanorods and
the nanodisk overlap the most when the disk diameter
d is 140 nm with the resonance wavelength of 715 nm.
In result, the scattering spectra at d = 140 nm show
two peaks with similar scattering cross-section. Interest-
ingly, the corresponding chiral signal spectrum shows a
dip at the resonance wavelength which indicates the re-
versed preference of rotational direction of the circularly
polarized light. The electric field intensity of the given
structure at λ = 725 nm is depicted in Fig. 5(d), where
the obvious difference between the RCP and the LCP is
shown: The disk mode is dominant in RCP while the rods
mode in LCP. It should be noted that the disk mode itself
has no preference for RCP and LCP, thus the preference
originated from the coupling with the rods mode. On the
contrary, the resonance of the disk with d = 200 nm has
little overlap with the rods mode, the rods mode is dom-
inant both for RCP and LCP as displayed in Fig. 5(c).
Subsequently, the chiral signal of the nanodevice at the
given wavelength has the same positive sign as the hex-
amer without the disk.
To conclude, we have observed an intriguing transition
to the opposite selection preference of different handed-
ness of the circularly polarized light which is originated
from the Fano resonance. We have systematically demon-
strated the effects of Fano resonance on the chiroptical
response of subwavelength plasmonic nanodevices. The-
oretical analysis using a coupled oscillator model has ex-
plained the effects of Fano resonance in terms of the cou-
pling between the rods and the disk modes. FDTD sim-
ulations supported the experimental results and the the-
oretical model. The dependence of the diameter of the
nanodisk has been studied both theoretically and exper-
imentally. This study enriches the scientific understand-
ing of the effects of Fano resonance in two-dimensional
plasmonic chiral systems and provides insights on optical
chirality in coupled systems including destructive inter-
ferences.
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In this Supplementary Material, the investigation of the rods and the disk as separate
systems are presented. Experimental and theoretical studies are included.
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FIG. S1. The red-shift of the plasmonic resonance of the nanodisk by increasing its diameter. (a)
Experiment, (b) oscillator model, and (c) FDTD simulation. The scale bar in the SEM images is
100 nm.
The gold nanodisk without the nanorod hexamer is studied experimentally by varying
its diameter. The plasmonic resonance wavelength of the dark-field scattering measured
to shift to the longer wavelength as the disk size increases as shown in Fig. S1(a). The
theoretical modeling to fit the measured spectra is performed as shown in Fig. S1(b) and
the corresponding parameters are listed in Table S1. The FDTD simulation results also
show the red-shift agreeing with the experiment. The provided resonance characteristics of
the nanodisk are expected to assist the understanding of the Fano resonances in the main
text.
NANORODS WITHOUT THE DISK
The FDTD simulation results of the nanorod hexamer without the disk is provided in
Fig. S2. The experimental data of the hexamer is presented in the main text as d = 0 along
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TABLE S1. Extracted parameters from the oscillator model for varying disk diameters of the
nanodisk without the rods (Fig. S1)
d(nm) pol ωd(eV) E0 γd(eV) αd(eV
−1)
110
RCP 1.774 11.01 0.364 0.075
LCP 1.781 11.07 0.369 0.075
140
RCP 1.704 13.21 0.428 0.066
LCP 1.704 12.94 0.428 0.066
170
RCP 1.612 12.48 0.431 0.064
LCP 1.611 12.45 0.431 0.063
200
RCP 1.557 14.03 0.481 0.057
LCP 1.559 14.02 0.472 0.057
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FIG. S2. FDTD simulation of the hexamer of nanorods. (a) Scattering spectra of RCP and LCP.
(b) Chiral signal. (c) E-field intensity profile in log scale.
with those with the other disk diameters. The chirality is clearly observed in the spectra
and the field profiles at the resonance peak λ = 725 nm are displayed in Fig. S2(c).
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